The thermally induced shape memory effect (SME) is the capability of a material to fix a temporary (deformed) shape and recover a 'memorized' permanent shape in response to heat. SMEs in polymers have enabled a variety of applications including deployable space structures, biomedical devices, adaptive optical devices, smart dry adhesives and fasteners. By the incorporation of magnetic nanoparticles (mNP) into shape-memory polymer (SMP), a magnetically controlled SME has been realized. Magnetic actuation of nanocomposites enables remotely controlled devices based on SMP, which might be useful in medical technology, e.g. remotely controlled catheters or drug delivery systems. Here, an overview of the recent advances in the field of magnetic actuation of SMP is presented. Special emphasis is given on the magnetically controlled recovery of SMP with one switching temperature T sw (dual-shape effect) or with two T sw s (triple-shape effect). The use of magnetic field to change the apparent switching temperature (T sw,app ) of the dual or triple-shape nanocomposites is described. Finally, the capability of magnetic nanocomposites to remember the magnetic field strength (H) initially used to deform the sample (magnetic-memory effect) is addressed. The distinguished advantages of magnetic heating over conventional heating methods make these multifunctional nanocomposites attractive candidates for in vivo applications.
Introduction
SMP are materials which can be deformed and fixed in a temporary shape and from which they recover their original shape only when exposed to an appropriate stimulus such as heat or light. [1] [2] [3] [4] [5] The high technological importance of SMP became apparent in the 1960s when covalently crosslinked polyethylene found its way into heat shrinkable tubing and films, which are applied in packaging and mechatronics today. Significant efforts to study the SME in polymers began in the late 1980s and this trend was continuously intensified. Among the different classes of SMP the most extensively investigated group is thermally induced SMP, which are triggered by heat. Here, the SME is triggered once a certain switching temperature T sw is exceeded. The shape-memory capability is not an intrinsic material property. It results from the combination of a suitable polymer
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architecture in addition to a tailored processing procedure, which is called programming or in particular ''dual-shape creation procedure'' (DSCP) to differentiate this programming from that of multiple shapes (see below). 6, 7 The SME in SMP relies on the temporary fixation of oriented polymer chain segments, which recover their original shape upon stimulation due to entropy driven relaxation of the chain segments. Hence, suitable SMP provide a polymer network architecture, which consists of netpoints and molecular switches being sensitive to an external stimulus. The netpoints interconnect the chain segments and determine the permanent shape of the polymer. The netpoints can be either of chemical nature (covalent bonds) or of physical nature (intermolecular interactions). Chemically crosslinked SMP can be achieved through suitable crosslinking chemistry applied either by heat (thermosets) or light (photosets). SMP, in which the netpoints are provided by physical interaction, require a polymer morphology consisting of at least two segregated domains as found e.g.in block copolymers. Here the phase with the highest thermal transition (T perm ) is acting as the netpoint.
4,7
As the permanent shape is created by processing from the melt, these SMP are often referred to as thermoplastic SMP. The chain segments associated with the domains with the second highest thermal transition T trans are acting as molecular switches and are therefore called switching domains.
During DSCP, the thermally induced SMP are heated above T trans deformed in the viscoelastic state of the switching domains to an elongation 3 m by application of an external stress, and then cooled below the thermal transition temperature T trans associated with the switching domains.
The solidification of switching domains forms additional crosslinks. These secondary crosslinks can rely on vitrification or crystallization of domains formed by side chains or the chain segments connecting two netpoints. Consequently, T trans related to the molecular switch can be either a glass transition temperature (T g ) or a melting temperature (T m ). Only when these secondary crosslinks dominate the netpoints determining the permanent shape, they enable the temporary fixation of an elastic deformation, which can be recovered by reheating the programmed sample under constant strain or under stress-free conditions. In this way T sw can be tuned by appropriate programming conditions. 8 The tensile stress s as a function of temperature is determined in the recovery process under constant strain conditions, while under stress-free conditions the deformation 3 as a function of temperature is measured. In addition, T sw can be determined by the first derivation of stress versus temperature or as the temperature T s,max at which maximum stress is developed from constant strain experiments. The cycle of DSCP and recovery can be repeated several times whereby the temporary shapes can be varied from one to the next cycle. The effect can be quantified by determining the shape-fixity ratio (R f ) and the shape-recovery ratio (R r ). R f describes the ability of the switching segment to fix the mechanical deformation, which has been applied during the programming process. R f is equal to the ratio of the strain in the stress-free state after the withdrawal of the tensile stress in the N th cycle 3 u (N) and the maximum strain 3 m .
The recovery of the original shape is quantified by R r which indicates how well the original shape has been recovered. R r can be calculated from 3 u (N) and the extension at the tension-free states 3 p (NÀ1) and 3 p (N) while stretching the sample in two subsequent cycles NÀ1 and N. 
In addition to these classical SMP, which are able to transform from a first (temporary) shape to a second (permanent) shape and are therefore referred to as dual-shape polymers (DSP), triple-shape polymers (TSP) or multiple-shape polymers (MSP) have been introduced recently. TSP and MSP are based on thermo-sensitive multiphase polymer network architectures (e.g. AB copolymer networks or grafted copolymer networks). When stimulated by two subsequent increases in environmental temperature, these TSP can perform more complex active movements by changing from a first shape A to a second shape B and from there to a third shape C. 1, [15] [16] [17] [18] [19] [20] On the molecular level, the triple-shape capability was realized by the incorporation of two switching segments into the polymer network, which provided at least two segregated domains resulting in two thermal transition temperatures T trans,A and T trans,B . Covalent crosslinks, which were established during the polymer network formation, determined the original shape C, while additional physical crosslinks, which were created in a two-step thermomechanical programming process, fixed shapes A and B. The physical crosslinks providing shape B are associated with the highest transition temperature T trans,B , while the second highest transition temperature T trans,A determines shape A. Both T trans,B and T trans,A can either be a T m or T g . The triple-shape effect (TSE) is created by the application of a two-step (TCP-2s) or single-step (TCP-1s) thermomechanical treatment called tripleshape creation procedure (TCP). The triple-shape capability of the material is characterized by the extent to which the subsequently memorized shapes B and C are recovered. These shape changes are quantified by the strain recovery rates R r (A / B) and R r (A / C), and two distinct T sw s, T sw (A / B) and T sw (B / C), which can be determined as inflection points from the strain-temperature curve obtained under stress-free recovery. 15, 16, 19, [21] [22] [23] [24] In polymers having high elasticity and a broad transition temperature (DT g or DT m ) associated to the switching domains, the variation of the programming temperature T prog at which the permanent shape is deformed for creating a shape-memory influenced the recovery kinetics 25, 26 or the T sw , 27, 28 at which the SME occurred. The latter effect was initially reported for polyvinyl alcohol-carbon nanotube nanocomposites, in which a linear correlation between T sw and T prog was found in the range of DT g . 28 This ability to remember the temperature T prog , where the polymer was deformed recently is named the temperature memory effect (TME). Recently, temperature-memory polymers (TMP) with crystallizable controlling units could be successfully created as well. 29 Here, the thermomechanical treatment, which was named the temperature-memory creation procedure (TMCP) was designed in such a way that the mechanical deformation 3 m is predominantly fixed by the volume fraction of the crystallites associated with a T m close to T prog . The fixation of the temporary, deformed shape is controlled by a tailored combination of thermally and strain-induced crystallization. T prog was varied within DT m of the crystallizable switching domains. After TMCP the recovery process was conducted under constant strain or stress-free conditions. During constant strain recovery, the maximum stress s max at a temperature T s,max was determined, while for recovery under stress-free conditions T sw was determined as the inflection point of the strain-temperature recovery curve. The variation of T prog applied during TMCP enabled the adjustment of T sw or T s,max in polymers exhibiting a broad thermal transition (DT g or DT m ).
29-31
Besides triggering the SME by direct heating, indirect actuation by immersion in water or other solvents, e.g. N,N-dimethylformamide (DMF), has been demonstrated in commercially available SMP. [32] [33] [34] [35] Here, the lowering of T trans by diffusion of low molecular weight solvent molecules into the polymer bulk acting as a plasticizer triggers the SME, while the sample temperature remained constant. 34 However, the recovery time was much lower as compared to the direct heating method. For SMP intended for biomedical applications, body temperature is suggested as the activation temperature from the naturally regulated heat supply of the body. However, body temperature does not always allow the shape recovery to proceed in a well controlled way regarding the recovery magnitude and kinetics. 36, 37 Therefore, alternative methods of heating inside the body including the use of lasers to heat a device at the location of implantation have been investigated. Lasers as a heating source feature a higher on-demand character for the activation of the SME compared to other conventional heating sources. In a laseractivated medical device based on shape-memory polyurethane (SMPU), the indirect actuation of SME was achieved for the mechanical removal of blood clots. 38, 39 However, the use of a laser during the procedure required extra equipment and regulatory barriers attributed to the risk that potential overheating of the device could cause damage to the surrounding tissue.
An alternative to laser heating is the use of inductive heating to remotely actuate SMP. Inductive heating of SMP was achieved by the creation of magnetic nanoparticle composites (MNPC). [40] [41] [42] Magnetic nanoparticles (mNP) dissipate heat in an alternating magnetic field (AMF) through hysteresis losses and/ or additional mechanisms based on different kinds and sizes of the particles and can be heated even at locations deep within the body. Various ferro-or ferrimagnetic nanoparticles, e.g. iron/ iron oxide, nickel, or cobalt compounds have been used as fillers to develop MNPC. 43 Among these mNP, magnetite (Fe 3 O 4 ) nanoparticles (MNP) are of special interest, especially for biomedical applications due to their high magnetization ability, low cytotoxicity, and high biocompatibility. [44] [45] [46] When a programmed SMP MNP composite (SMP-MNPC) was exposed to an AMF, the heat generated in the MNP spread into the polymer matrix and increased the sample temperature. As soon as the temperature exceeded T sw of the SMP matrix, the recovery of the permanent shape could be observed. 36, 47, 48 A typical equipment suitable for the exploration of such a magnetically induced SME consists of a high-frequency generator, a water cooled coil and a temperature detector such as an IR pyrometer for non-contact measurement of the sample temperature ( Fig. 1 ).
36
Different methods used to incorporate MNP into SMP matrices include ex situ methods, i.e. dispersion of the synthesized nanoparticles into the polymeric solution, 49, 50 or in situ monomer polymerization methods in the presence of the nanoparticles. 51 However, these methods suffer extremely from the high agglomeration tendency of the nanosized particles, as the nanoparticles tend to reduce their surface energy by aggregation. The aggregation of particles can result in sedimentation of these aggregates during nanocomposite formation, which act as defects and have detrimental effects on uniform heating of SMP-MNPC under AMF. During the synthesis, the expected composite viscosity determines the applied dispersing technology. Low viscous reactive resin based mixtures can be processed with mechanical stirrers or by sonication under ambient or slightly elevated temperatures. For highly viscous polymer matrices, processing techniques, e.g. a mixer-kneader or extrusion can be used. In the latter case, high shear forces depending on the extruder screws are used to achieve homogeneous distribution of nanoparticles into the polymer.
52
Another way to improve the distribution of MNP in the polymer matrix is the surface coating of MNP with organic or inorganic layers. Surface coating of the MNP prevents agglomeration and enables the stabilization of the individual magnetic cores. 53 In addition, coating of MNP may enhance their biocompatibility. E.g. coating of MNP with dextran for hyperthermia to treat oral cancer was reported. 54 Other already approved products for in vivo applications based on coated MNP include, e.g. treatment of anemia and usage as an MR contrast agent. 55, 56 Coating of the MNP with an inorganic layer such as a silica matrix enhanced the compatibility of the MNP with the polymer matrix, reduced the formation of mm-sized agglomerates and supported a homogeneous distribution of MNP within the polymer matrix.
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In this manuscript we review memory effects in MNPC. At first, a brief introduction of fundamental power loss mechanisms responsible for magnetic heating of the MNP in an AMF is provided. Magnetically controlled dual-and triple-shape effects of MNPC followed by magnetically adjustable memory effects in dual or triple-shape MNPC are presented. Subsequently, the magnetic-memory effect, which is the capability of the MNPC to remember the magnetic field strength (H), at which it was deformed recently, is described. Finally, a conclusion with potential applications and future directions in the development of MNPC is provided.
Heating of magnetic nanoparticles in an AMF
For inductive heating high frequency (typically f > 10 MHz) current is used to generate oscillating magnetic fields (H) via an induction coil. Three potential heating mechanisms are possible in ferro-or ferrimagnetic nanoparticles: N eel relaxation, Brownian motion relaxation, and hysteresis losses. [57] [58] [59] MNP with crystal sizes between 1 and 10 nm allow heating through Brownian or N eel magnetic relaxation and are called superparamagnetic nanoparticles (SPNP). In the N eel relaxation mechanism, the particle's magnetic dipole reorients itself within the particle in response to an externally applied AMF. Heating is caused by the particle's magnetic moment resisting this orientation and is dependent on the particle magnetism. 57 The phenomenon is illustrated in Fig. 2a for polymer nanocomposites containing SPNP. The N eel relaxation time is given by the following equation,
where s 0 is a time constant, K b is the Boltzmann constant, K is an anisotropic constant, V is the volume of the particle core and T is the particle temperature.
A second heating mechanism is Brownian relaxation. Here heating results from the friction between particles which rotate in response to an externally applied AMF and the carrier fluid due to the viscosity effect resisting the particle's rotation. The Brownian relaxation time is given by
where h is the viscosity of the carrier fluid and V H is the hydrodynamic volume of the particle. The characteristic relaxation times of the particles that ensemble for N eel relaxation or Brownian motion relaxation depend in quite different manners on the mean particle diameter. The power losses due to N eel and Brownian relaxations are approximately given by
where m 0 is the permeability of vacuum (1.25 Â 10 À6 T m A
À1
), c 0 is the equilibrium susceptibility, H 0 is the field strength and f is the frequency of the AMF. If the nanoparticle is fixed in a place and unable to rotate, such as when incorporated in a polymer matrix, Brownian motion relaxation will be eliminated and can be neglected for the particle heating.
In addition to relaxational losses, in larger particles with a particle size >20 nm heating can also result from magnetic hysteresis losses, which occur in multi domain ferro-or ferrimagnetic particles exposed to an AMF. Hysteresis is a phenomenon describing the path depending on the magnetic response of magnetic materials to an applied magnetic field. Hysteresis loss can mainly be attributed to the domain wall motion. The generated heat is proportional to the area of the hysteresis loop and the frequency of the AMF. As SPNP have only one magnetic dipole and no domain walls, the hysteresis curve has the shape of a single sigmoidal curve having no area. Therefore, in SPNP no heating by hysteresis will occur. Fig. 2b schematically illustrates a hysteresis loop (applied field vs. magnetization).
In principle, the heating power associated with hysteresis losses is higher than that based on Brownian and N eel relaxation. Nevertheless, a high magnetic field, which is beyond the biologically tolerable range, has to be applied. Conversely, these fields can rarely be used because of physiological and technological restrictions. As no domain wall movements are involved in the case of SPNP, they absorb much more energy at tolerable AC-magnetic fields compared to multidomain particles and are more attractive for in vivo applications. 60 
Magnetically actuated dual-shape effect
Incorporation of coated MNP into a thermoplastic SMP enabled the magnetically induced dual-shape effect (DSE). 48 The effect was demonstrated for two different thermoplastic materials as the matrix with particle contents up to 40 wt%. The first polymer matrix was an aliphatic polyetherurethane (TFX) from methylene bis(p-cyclohexylisocyanate), butanediol, and polytetrahydrofuran while the second was a biodegradable multiblock copolymer (PDC) with poly(p-dioxanone) as the hard segment and poly(3-caprolactone) (PCL) as the switching segment. While PDC contained crystallizable switching segments, TFX provided an amorphous switching phase, which could solidify by vitrification. The chemical structures of TFX and PDC are shown in Fig. 3a and b, respectively.
The magnetic nanoparticles consisted of an iron(III)oxide (Fe 2 O 3 ) core in a silica (SiO 2 ) matrix (SNP). The mean aggregate size (photon correlation spectroscopy of an aqueous dispersion) was 90 nm, the mean domain size (X-ray diffraction) was 20-26 nm, and the domain content (X-ray fluorescence analysis) was 50-60 wt%.
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The SNP were mixed with the SMP matrix at approximately 170 C resulting in a homogeneous distribution of the SNP in the polymeric matrix as demonstrated by TEM micrographs (Fig. 4) . The silica apparently improved the compatibility between the particles and the polymer matrix. The black particles in Fig. 4b are the iron oxide domains embedded into the silica matrix (dark gray wrapping).
Once the magnetic field (f ¼ 258 kHz, H ¼ 30 kA m À1 ) was switched on, the temperature of the MNPC increased. Within a few minutes the temperature measured at the sample surface reached a constant level, the maximum achievable temperature T max , as here the sample is in thermal equilibrium with the environment. T max increased strongly with increasing SNP concentration and magnetic field strength. When T max exceeded T sw of the SMP-MNPC, the DSE occurred as illustrated for a TFX based MNPC with 10 wt% SNP (Fig. 5) . As the mean domain size of the SNP was slightly higher than 20 nm, hysteresis and/or relaxational losses were assumed to be responsible for heating the nanocomposites under AMF. It was shown that particle contents between 2.5 and 10 wt% did not influence the thermal properties of the nanocomposites significantly. The effect of MNP on the cyclic, thermomechanical tensile tests of TFX nanocomposites was investigated by comparing TFX and a nanocomposite from TFX and 10 wt% SNP (Fig. 6 ). In these tests, the samples were elongated at a temperature T high , which was higher than T sw but lower than the thermal transition of the hard segment. Strain was kept constant for a certain time interval to allow relaxation of the strained switching segments. Afterwards the elongated samples were cooled to a temperature T low , which was below T sw to fix the temporary shape. This step was performed under stress control, which resulted in an increase of strain as a consequence of entropy elasticity. Reheating the SMP-MNPC to T high initiated the SME. The influence of MNP on thermally induced shape-memory properties was quantified by R f and R r . For TFX composites R f values were in the range between 98% and 100% and R r z 80% was observed regardless of the concentration of the MNP. For PDC samples R f in the range of 50 and 57% and R r in the range of 47 and 65% were determined. PDC-based SMP-MNPC differed from the TFX-based samples, as here a deformation at ambient temperature called cold drawing was used to program the samples.
T max of SMP-MNPC was found to be a function of the sample geometry as well as instrumental parameters, e.g. amplitude (H) and frequency (f) of the applied AMF. The higher the surface to volume ratio (S/V) of the sample, the lower the T max (Fig. 7a) . Another very important factor was the surrounding environment, which influenced the heat loss of the sample and in this way T max . In the majority of cases the SME of the SMP-MNPC was triggered by an AMF in air. As the thermal conductivity of air is relatively low, in this case the amount of heat loss from the sample surface to the environment is negligible. For many potential applications including in vivo medical applications, the medium is aqueous in nature having a high thermal conductivity and heat capacity compared to air. Fig. 7b shows the heating curves of a SMP-MNPC from TFX and 18 wt% SNP that was inductively heated in air, in 10 wt% gelatin-water solution, and in distilled water. Apparently only in air the sample temperature exceeded the T sw (74 C) of the TFX matrix while the increase in temperature in water and gelatin solution was very small.
The frequency and the magnetic field strength required for triggering SME can be reduced by increasing the size of the particles to the micro-size range. Composites from magnetite particles with a diameter of 9 mm and a thermoplastic polyurethane derived from diphenylmethane-4,4 0 -diidocyanate, adipic acid, ethylene oxide, propylene oxide, 1,4-butanediol and bisphenol A with T g as T trans were developed by conventional processing methods. The storage modulus increased with the increment of the magnetite volume fraction. Here a low magnetizing frequency of f ¼ 50 Hz and a field strength H ¼ 4.4 kA m À1 were used to actuate the SME owing to the heat generation mechanism involved in microsized magnetite particles. For a sample with 20 vol% particles at a magnetizing frequency of 50 Hz a power loss of P ¼ 513 J m À3 was calculated.
These power losses were converted into heat and a temperature increase of DT ¼ 6 K min À1 was estimated by heating the sample in a magnetic field at a magnetizing frequency of 50 Hz. However, during magnetic heating at this frequency, the SME occurred much slower, and in a composite sample with 20 vol% particles (3 Â 3 Â 100 mm 3 ) the initiation of recovery was started after 4 min and full recovery at 20 min was observed.
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An innate thermoregulation of T max was demonstrated in a SMP-MNPC based on shape-memory polyurethane (SMPU, MP5510 from Diaplex Co. Ltd, Tokyo, Japan) and nickel zinc ferrite particles with loading levels of 10 and 20 wt%. If these ferromagnetic particles have an appropriate diameter they generate heat only by the hysteresis loss mechanism, which is limited by the Curie temperature (T C ). Once the material was heated above T C the ferromagnetic material became paramagnetic and lost its ability to generate heat via the hysteresis loss mechanism. Conclusively, the danger of overheating in in vivo applications can be eliminated by selecting a ferromagnetic particle material with a T C within an appropriate temperature interval. However, the temperature achieved during exposure to 10 MHz fields was far below T C , and a modest temperature rise of 11 C and 7 C in 45 s at 20 wt% and 10 wt% particle content, respectively was observed.
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Polymerization of reactive monomers or oligomers functionalized with telechelic reactive groups and MNP gives rise to polymer network based composites. An example is the polymerization of poly(3-caprolactone) diisocyanatoethyldimethacrylate (PCLDIMA) with MNP. 42, 63 In these thermosetting composites a fast actuation of the samples was observed, which can be attributed to the polymer network structure of the SMP. However, a challenge is sedimentation of particles during the curing process, which can be circumvented by sufficient viscosity of the precursor mixture.
Magnetically controlled triple-shape effect
A magnetically controlled TSE was realized by the incorporation of MNP in TSP. The first example of a multiphase polymer network named as MACL was selected as the matrix material for the magnetically switchable triple-shape composite.
64 MACL composites were composed of PCL and poly-(cyclohexylmethacrylate) (PCHMA) segments with SNP as the filler. A series of MACL composites were synthesized by heating and stirring a mixture of precursors, PCLDIMA (30 wt% to 70 wt %), cyclohexylmethacrylate (CHMA) and SNP (0 wt% to 15 wt%) at 75 C. The thermosets were cured at 80 C for 24 h using benzyl peroxide (BPO) as the free radical initiator. The nomenclature of the different MACL nanocomposites is provided in Table 1 . The high degrees of gel content with values between 96% and 98% indicated that particles did not influence the crosslinking reaction. Microscopic analysis showed a less homogeneous distribution of the nanoparticles and few micro-sized agglomerates were observed. The existence of segregated phases as required for the triple-shape effect was confirmed by dynamic mechanical thermal analysis (DMTA) at varied temperatures. The different thermal transitions were associated with amorphous PCL, crystalline PCL and amorphous PCHMA phases. The network composites exhibited two distinct, well separated thermal transitions, a melting transition assigned to the crystalline PCL domains in the range of 41 C to 48 C and a glass transition associated with the amorphous PCHMA domains in the range of 131 C to 156 C. Furthermore, a T g of the amorphous PCL phase T g,PCL was determined in the range of À69 C to À55 C. These thermal transition temperatures did not vary with the composition (PCL to PCHMA weight ratio) so that TSE could be triggered at the same magnetic field strength H.
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MNPC samples with SNP concentrations in the range from 10 wt% to 15 wt% were selected to achieve temperatures up to 150 C in the magnetic field. As described in the third section, the magnetic field strength required to reach T max will change, if the surface area to volume (S/V) ratio of the sample is changed. Therefore bending experiments were performed to ensure precise control of the desired temperatures for the test specimen during TSE initiation in the magnetic field. During bending, the S/V ratio remains almost constant and additional heating effects caused by changes in the S/V ratio for elongated samples should be minimized.
To find out T max of the non-deformed MACL composites, the samples were exposed to AMF by increasing H stepwise. Only samples containing 12.5 wt% and 15 wt% nanoparticles were able to reach the T max ¼ T high ¼ 150 C, which was necessary to achieve the recovery of the original shape of the MACL polymer network. In addition the magnetic field strengths of H B ¼ 14.6 kA m À1 to reach the T mid ¼ 70 C and H C ¼ 29.4 kA m À1 for complete recovery of shape C at T high ¼ 150 C were determined. Three different types of triple-shape experiments were designed, in which the applied deformation during TCP was bending for the examination of triple-shape properties in the magnetic field.
Two different thermomechanical procedures, a two-step TCP (TCP-2s) and a single step TCP (TCP-1s), were used for creating shapes B and A, respectively, followed by sequential recovery in the magnetic fields at H B ¼ 14.6 kA m À1 and H C ¼ 29.4 kA m
À1
. A schematic representation of the different TCPs is shown in Fig. 8 . During TCP-2s-I the original straight sample (shape C; q C ) was deformed at T high ¼ 150 C, where the polymer matrix is completely amorphous, by bending to an angle of q B ¼ 90 . When cooled to T mid ¼ 70 C, while keeping the external strain constant, the first temporary shape B (q B ) was fixed by vitrification of the PCHMA domains. In the next step the sample was subsequently bent to q A ¼ 180 . Cooling to T low ¼ À10 C under load fixed shape A (q A ), which was obtained after releasing the stress, by crystallization of the PCL domains. For magnetic field recovery experiments the programmed sample (shape A) was exposed to H B ¼ 14.6 kA m À1 representing T mid ¼ 70 C and afterwards to H C ¼ 29.4 kA m À1 corresponding to T high ¼ 150 C. In this test the recovery of shape B was characterized by the bending angle achieved at T mid (q B rec ) while shape C was related to q C rec observed at T high .
In TCP-2s-II shape B was achieved by cooling from T high ¼ 150 C to T low ¼ À10 C. Here q B was fixed by two processes: vitrification of the PCHMA domains and crystallization of PCL domains. After heating to T mid ¼ 70 C q A was created as described in TCP-2s-I.
The TSE of all samples was quantified by determining the strain fixity ratios R f (C / B), R f (B / A), and R f (C / A) and the shape recovery ratios R r (A / B) and R r (A / C). All MACL composites exhibited pronounced triple-shape properties when activated in the AMF as shown in Table 1 .
The triple-shape properties of MACL(040)C12 were investigated by a single-step process TCP-1s in addition to the two-step processes TCP-2s-I and TCP-2s-II. In this process shape A (q A ) was realized by deformation to q A ¼ 180 at T high ¼ 150 C and subsequent cooling to T low ¼ À10
C. All TCPs resulted in complete fixation of shape A independent of the composition, while fixation of shape B was found to decrease significantly with rising PCLDIMA content.
A pronounced TSE was observed for nanocomposites with PCLDIMA weight fractions between 30 wt% and 50 wt%, when module 1 was applied. An almost complete recovery of shape C was achieved at H C ¼ 29.4 kA m À1 with T max z 150 C for all materials, while at H B ¼ 14.6 kA m À1 with T max z 70 C, the values for R r (A / B) increased with increasing PCDIMA content. Fig. 9 (70)C125) displayed only dual-shape capability. It was concluded that the composition of the polymer matrix is an essential parameter for realization of triple-shape capability. These observations clearly demonstrated the sensible balance between the crystalline PCL domains responsible for fixation of shape A and the glassy PCHMA domains fixing shape B.
In addition to MACL composites, the magnetically controlled triple shape-capability of multiphase polymer networks named CLEG with two crystallizable switching segments based on poly(ethylene glycol) (PEG) side chains and PCL crosslinks was demonstrated. 65 Here, T trans,A and T trans,B are melting temperatures. A series of MNPC were prepared by reacting various ratios of poly(ethylene glycol)monomethyl ether monomethacrylate (PEGMA) and PCLDIMA crosslinker in the presence of 2.5 to 10 wt% of SNP. All CLEG based MNPC exhibited two well separated thermal transitions, T m,PCL ¼ 51 C attributed to PCL domains and T m,PEG ranging from 38 to 20 C related to the crystalline PEG domains, which decreased with increasing PCL content. Application of two-step programming procedures resulted in excellent triple-shape properties in samples containing 30 and 40 wt% of PCLDIMA in the starting reaction mixture. When a TCP-1s was applied for programming, all samples independent of the composition displayed only a dual-shape behavior. This behavior can be explained with the polymer network structure, in which only the PCL-segments contribute to the polymer network and in this way determine the elasticity.
5 Adjusting the apparent switching temperature (T sw,app ) of the nanocomposites by a magnetic field A particular challenge in the context of the numerous biomedical applications for SMP, e.g. as potential implant materials for minimally invasive surgery or drug release systems, is the precise control of the material's function, for example, the switching bulk temperature T sw,bulk . Depending on the various application scenarios T sw,bulk , which is associated with T trans (T m or T g ) of the switching domains, needs to be adjusted to the application relevant temperature. One strategy is the variation of T trans by adjusting the molecular architecture, e.g. variation of comonomer ratios in AB polymer networks, molecular weight of the precursors used as starting materials, crosslinking density etc.
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A T sw,bulk slightly above the body temperature enabled on demand the control of the shape change by short time application of heat either indirectly through IR-irradiation or directly by using an external heating medium, for example through a catheter.
1,66 Instead of varying T sw,bulk , another strategy is the adjustment of the T sw,app determined as the environmental temperature (T env ) as demonstrated for MNPC with dual-or triple-shape capabilities recently. Here, a combination of environmental heating (T env ) and magnetic heating was used to reversibly tailor the T sw,app .
68 This method could help to avoid the laborious synthesis of SMP with different T sw tailored for specific applications.
The influence of combined (environmental and magnetic) heating was explored for three different MNPC, based on a dualshape or a triple-shape polymer as the matrix. The sample with the dual-shape matrix polymer named CLC05 was prepared by crosslinking crystallizable PCLDIMA in the presence of 5 wt% SNP. The MNPC named as CLEGC05 and CLEGC10 having a triple-shape polymer as the matrix were obtained by copolymerization of PEGMA (60 wt% , because of the higher SNP weight content. The influence of the environment combined with inductive heating on T bulk was explored in magnetic and environmental heating experiments. In magnetic heating experiments H was varied in a stepwise increase from
kA m À1 at a constant frequency of f ¼ 258 kHz and constant T env .
In environmental heating experiments T env was varied from ambient temperature to 57 AE 2 C, while H and f were kept constant. Here, the selected values of applied H were less than H sw for both dual and triple-shape MNPC. For CLEGC10, H , where k is a material related constant, which depends on several factors (e.g., heat conductivity of the polymer matrix, magnetic properties of the particle, their weight content, and aspect ratio). A correlation of T bulk to H by the power of two was observed during magnetic heating experiments carried out at different constant T env (Fig. 10a-c) . In addition, a similar k value could be determined for different MNPC (CLC05, CLEGC05) with the same MNP content, while for CLEGC10 higher values of k were obtained indicating that T bulk increased with increasing MNP weight content. In contrast, during the environmental heating experiment a linear correlation between T bulk and T env was observed for all investigated MNPC (Fig. 10d-f) . T bulk was systematically increased by increasing the value of constant H by the inductive heating contribution DT mag . However, it was observed that DT mag decreased with increasing T env . This decrease in DT mag was attributed to the temperature-dependent relaxation process related to the hysteresis loss, which are responsible for the inductive heating of the MNP, or to the structural changes in the polymer matrix such as melting of crystalline domains. The thermally induced SME supported by a weak magnetic field was investigated in bending experiments to minimize changes in the S/V ratio during shape-recovery. For dual shape MNPC CLC05, a single step DSCP was applied, while for tripleshape materials CLEGC05 and CLEGC10, a two step TCP was applied. Shape recovery experiments were conducted with programmed samples by increasing T env stepwise from ambient temperature to 57 C at constant H < H sw . Shape-memory properties were quantified by determining the change in the deformation angle during programming and recovery. 65 Here, the change in the bending angle (Dq rec ) during recovery depending on T env and T bulk was analyzed for the determination of T sw,app and T sw,bulk (Fig. 11) .
A systematic decrease in T sw,app (A / C) ¼ 54 AE 2 C without the magnetic field to T sw,app (A / C) ¼ 41 AE 2 C at H 5 ( Fig. 10a ) was observed for dual-shape MNPC CLC05. In contrast, T sw,bulk (A / C) remained almost unchanged at T sw,bulk (A / C) ¼ 55 AE 2 C. In the case of triple-shape MNPC CLEGC05 and CLEGC10, both T sw,app (A / B) and T sw,app (B / C) were systematically lowered by applying the magnetic field H 1 to H 5 ( Fig. 11b and c) , while T sw,bulk (A / B) ¼ 45 AE 3 C and T sw,bulk (B / C) ¼ 56 AE 3 C (Fig. 11e and f) were constant.
The applicability of the concept of magnetically adjustable T sw,app was demonstrated by a fixation device with a triple-shape CLEGC05 hook as a magnetosensitive active component and a solely thermosensitive fixation counterpart fabricated from a PCLDIMA based dual-shape polymer network (CL) with T sw,CL ¼ 47 AE 2 C. A schematic representation of the DSCP for CL and TCP for CLEGC05 and the working principle of the fixation device are shown in Fig. 12a and b. The magnetosensitive hook had to enter the hole of the fixation counterpart by changing the shape (A / B) and being locked in shape (B / C) before T sw of the thermosensitive counterpart was reached by increasing the environmental temperature (T env ), which causes the fixation counterpart to be lifted upwards to achieve the permanent shape. Here, the challenge was to decrease the T sw,app (A / B) and T sw,app (B / C) for the triple-shape MNPC below the T sw of the thermosensitive counterpart. This adjustment could be reached by application of an AMF during the environmental heating procedure. Different recovery protocols were performed, which included (1) environmental heating at H 4 ¼ 20.2 kA m À1 , (2) environmental heating without the magnetic field, (3) magnetic heating at H max ¼ 29.4 kA m
À1
, (4) magnetic heating at H 4 and ambient temperature to recover shape B, followed by environmental heating at H ¼ 0 kA m À1 to recover shape C. Among the four recovery protocols, only in recovery experiment (1) the CLEGC05 was placed and fixed successfully inside the fixation counterpart before it moved upwards, when T env exceeded T sw,CL . Application of H 4 lowered both T sw,app (A / B) and T sw,app (B / C) below T sw,CL . In contrast, all other recovery approaches failed. Based on these findings it was speculated that combining two different heating sources for the adjustment of T bulk in the thermosensitive polymers and composites thereof could be extended to other combinations of MNPC, for example, infrared light and T env or microwaves and T env .
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6 Nanocomposites with magnetic-memory capability
Incorporation of MNP in temperature-memory polymer matrices extended the concept of a temperature-memory effect (TME), which relies on tailoring the T sw by using broad thermal transitions (DT g or DT m ) to a magnetic-memory effect (MME). The MME is defined as the ability of magneto-sensitive materials to remember the magnetic field strength (H def ) at which they were deformed recently. 69 The MME requires programming (and recovery) of the MNPC during application of an AMF. The MME was explored in cyclic, magneto-mechanical experiments (CMME), in which MNPC samples were elongated to 3 m while being exposed to H def . The recovery of the MNPC was carried out under stress-free or strain-controlled conditions by increasing the applied H stepwise. Under stress-free conditions MNPC recover their initial shape at a switching magnetic field strength H sw close to H def while under constant strain conditions they respond by building up stress with a peak maximum at H s,max .
The MME was investigated in two temperature-memory MNPC (TM-MNPC) with crystallizable or amorphous controlling units. The crystallizable TM-MNPC was based on a binary mixture of two different poly[ethylene-ran-(vinyl acetate)] s (PEVA) differing in their comonomer ratio and SNP. The PEVA based MNPC (cPEVA) exhibited a broad T m (DT m ¼ 100 C) with a maximum in the range between 92
C and 96 C. The amorphous system was a temperature-memory polyurethane (TMPU), in which SNP were dispersed. The TMPU based nanocomposites provided vitrifiable switching domains and exhibited a broad T g (in the range from 20 to 90 C) with a maximum at around 74 C. Incorporation of the SNP did not significantly affect the thermal and mechanical properties of both MNPC. The inductive heating of the nanocomposites was accomplished by positioning the samples in an AMF at a f ¼ 258 kHz, while the programmed stretching and recovery under the effect of the magnetic field was controlled by a tensile tester. In contrast to bending experiments (see above) the extent of deformation to 3 m by stretching was geometrically limited by the height of the induction coil. From the magnetic heating of the non-deformed samples, H in a range of 15 to 23 kA m À1 was applied and T max was recorded. However, during stretching T max of the sample decreased as it depends on the S/V ratio of the MNPC. In order to minimize the decrease in T max a low value of 3 m ¼ 50% was applied, at which the decrease in T max was negligible.
The selection of suitable MNPC for the exploration of the MME was based on the thermal and magnetic properties of the MNPC as the temperature increase from ambient temperature to T max depends on the square of H. Samples cPEVA(13.6) and TMPU(15.1) containing 13.6 wt% and 15.1 wt% SNP were selected as suitable composite materials to explore MME, as they show a maximum DT trans (DT g or DT m ) and the best fit of the experimentally adjustable range of H between 15 kA m À1 and 23 kA m À1 . The MME was characterized in the stress-free recovery experiment by switching the field strength H sw , which was determined as the inflection point in the recovery curve. In contrast, in the strain-controlled experiment H s,max was determined as H at the peak maximum stress s max during recovery. is displayed in Fig. 13b . In cPEVA based MNPC the fraction of crystalline domains with T m < T max at H def fixed the mechanical deformation to 3 m . In addition, the fixation of the deformation of the cPEVA based MNPC might be enhanced by strain-induced crystallization. However, in the case of TMPU composites the fraction of the amorphous domains associated with the T g,mix , which were in the viscoelastic state at H def fixed the mechanical deformation predominantly. On the other hand the amorphous domains of the mixed phase remaining in the vitrified state at H def backed the permanent shape and therefore added to an almost complete recovery. The recovery curves of the MNPC under strain-controlled and stress-free recovery conditions are provided in Fig. 13c -f while the magnetic-memory properties are provided in Table 2 , both samples were completely recovered (Fig. 14) .
69
While on one hand the MME requires conditions, such as sample dimension or environmental temperature, which are more defined as compared to the TME, on the other hand the MME enables a remote actuation and an actuation interval, which can be significantly shorter.
Conclusion and outlook
Actuation of SMP by AMF was shown to be an interesting technology for remote actuation of the SME, particularly when a direct thermal actuation is not possible. The obtained shape recovery rates of SMP-MNPC by magnetically induced actuation were comparable with those achieved by environmental heating. When SNP were used as fillers high degrees of compatibility and dispersibility of the MNP in the polymer matrices could be achieved. T max of SMP-MNPC was found to be a function of the sample geometry as well as experimental parameters, e.g. amplitude (H) and frequency (f) of the applied AMF. A fast actuation was observed in thermosetting nanocomposites, which was attributed to the polymer network structure and the narrow transition temperature. An innate thermoregulation of T max of the SMP-MNPC could be obtained when particles with adjustable T C are used. The incorporation of SNP in a multiphase polymer network enabled nanocomposites with triple-shape capability. Well separated thermal transitions and suitable thermomechanical programming of the nanocomposites were necessary to observe a pronounced TSE controlled by a magnetic field as discussed for the difference between elongation and bending experiments. A reversible tailoring of the T sw,app in MNPC with dual and triple-shape capabilities was achieved by combining the environmental and magnetic heating as demonstrated by a fixation device with a triple-shape hook as the magnetosensitive active component. This method of reversible tuning of T sw could help to avoid additional synthesis of different SMP-MNPC with T sw tailored to the demands of specific applications. Finally, the MME, which is the capability of the MNPC to remember the magnetic field strengths, which was initially applied for deforming the MNPC, was discussed. The MME required programming (and recovery) of the MNPC by magnetic heating in contrast to the magnetically induced dual and triple-shape effects in which samples are typically programmed by increasing T env . The TMP based MNPC exhibited excellent magnetic-memory properties in the range of H def from 15 kA m À1 to 23 kA m
À1
. MNPC are examples of functional nanostructured materials with an application potential ranging from electromagnetic interference shielding, magneto-optical storage, biomedical sensing, to flexible electronics. 70, 71 The shape-memory functionality in SMP-MNPC increased the versatility of their technical potential. According to the actual demand SMP-MNPC could be properly designed, fabricated, and tailored to meet various applications in many fields such as biomedical devices, drug delivery, biomimetic, robots, switches, or sensors. 5, 48 Along with inductive heating capability, MNP as the filler improved the mechanical properties of the MNPC. However, a control over the dispersion of the MNP and their attractive interfacial interactions with the SMP matrix is critical and challenging. To achieve excellent dispersion, the competition between polymerpolymer and polymer-particle interactions has to be balanced to avoid clustering of the particles in SMP-MNPC. For uniform heating in an AMF, a precise spatial and orientational positioning of the MNP within the polymer matrix is obligatory.
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Although there have been several demonstrations of magnetic heating of SMP, the remote heating of the SMP-MNPC in physiological environments remains a challenge. The effects of the surrounding environment on the heat transport efficiency of the device need to be explored in detail. In addition, investigations regarding the biocompatibility of MNPC and the successful realization of clinical studies are also required. The unique combination of magnetically susceptible MNP and thermosensitive SMP will undoubtedly have additional applications and will continue to be actively researched in the coming years. 
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